1.. Introduction {#s1}
================

Mouse embryonic stem cells (mESCs) are typically derived from the inner cell mass (ICM) of blastocysts.^[@DSV013C1],[@DSV013C2]^ Remarkably, mESCs can be maintained *in vitro* for extended periods without losing their replicative capacity (self-renewal) or ability to differentiate into nearly all cell types except trophoblasts (pluripotency).^[@DSV013C3],[@DSV013C4]^ Pluripotency has been studied intensively^[@DSV013C5],[@DSV013C6]^ and is now understood to have states of different degree. For example, depending on the culture condition, mESCs can be maintained as a naive pluripotent state (ICM-like) or a primed pluripotent state (epiblast-like).^[@DSV013C7]--[@DSV013C9]^ It has also been proposed that mESCs are a heterogenous mixture of various transient pluripotent states with distinct expression levels of Nanog and other key transcription factors:^[@DSV013C10],[@DSV013C11]^ mESCs would fluctuate among these states. Furthermore, recent reports proposed that mESCs can also take on a 'totipotent' state by acquiring the additional capacity to differentiate into trophoblast cells: the totipotent cells can be marked and isolated by their expression of the Hhex gene^[@DSV013C12]^ or the expression of a MuERV-L retrotransposon.^[@DSV013C13]^ As mESCs in the latter state were found to express some genes specifically activated in two-cell embryos, this particular totipotent state is called the 'two-cell (2C) state'.^[@DSV013C13]^

An equally remarkable though less studied feature of mESCs is their capacity to maintain genome stability and normal karyotype.^[@DSV013C14],[@DSV013C15]^ We recently demonstrated that this feature involves the action of a mammalian-specific gene, Zscan4 (zinc finger and SCAN domain containing 4). Originally identified as a gene expressed specifically in the two-cell mouse embryos, Zscan4 is not expressed in mESCs most of the time, but it is occasionally expressed transiently for several hours.^[@DSV013C16],[@DSV013C17]^ Such a burst of Zscan4 transcription, called hereafter 'Zscan4 event' or 'Z4 event', is accompanied by transient expression of other two-cell or preimplantation genes.^[@DSV013C16]--[@DSV013C18]^ It has been shown that Z4 events are accompanied by critical biological events including rapid extension of telomeres^[@DSV013C17],[@DSV013C18]^ and global blockage of translation.^[@DSV013C19]^ Because Z4 events occur rarely, Zscan4 is expressed in only 1--5% of ES cells at any given time in culture.^[@DSV013C16],[@DSV013C17],[@DSV013C20]^ Therefore, despite the occurrence of Z4 events in all mouse ES cell lines examined thus far,^[@DSV013C21]^ all the previous studies on mESCs have been obtained essentially with Zscan4^−^ mESCs. To define the molecular events occurring during the Z4 events more clearly, we have compared gene expression profiles and the genome-wide chromatin conformations in isolated Zscan4^+^ cells and Zscan4^−^ cells. Our study has revealed an unexpected link between Z4 event and changes in the conformation of heterochromatin.

Mammalian genomes form two main chromatin structures: heterochromatin and euchromatin. Prototypical heterochromatin, often called 'constitutive heterochromatin', is in a tightly packed form and usually organizes on repetitive sequences such as centromeres, telomeres, and retrotransposons.^[@DSV013C22],[@DSV013C23]^ Constitutive heterochromatin was considered transcriptionally silent, but recent studies have shown that constitutive heterochromatin can also be transcribed.^[@DSV013C24]^ In *Schizosaccharomyces Pombe*, it has been shown that constitutive heterochromatin is transcribed in S phase of every cell cycle, which is required for the timely assembly of constitutive heterochromatin.^[@DSV013C25]^ Another form of heterochromatin, the 'facultative heterochromatin', including repressed X-chromosome, is transcribed in some cell types.^[@DSV013C26]--[@DSV013C28]^ In this paper, we have identified a unique set of facultative heterochromatin regions that respond specifically to Z4 event (tentatively called 'Z4 event-associated heterochromatin, zHC'). We have also provided the detailed molecular mechanism by showing that Z4 event is accompanied by transient rapid derepression and rerepression of both constitutive heterochromatin and zHC. We discuss biological significance of Z4 event.

2.. Materials and methods {#s2}
=========================

2.1.. ES cell culture {#s2a}
---------------------

MC1 ES cells (129S6/SvEvTac)^[@DSV013C29]^ were used for all experiments unless otherwise specified. Generation of MC1-ZE7 ES cells, Tet-Zscan4c ES cells, and Tet-shZscan4c ES cells has been described previously.^[@DSV013C17],[@DSV013C30]^ All ES cell lines were maintained on gelatin-coated feeder-free plates in complete ES medium.^[@DSV013C17]^ In Tet-Zscan4c ES cells, Zscan4-Flag was repressed in the complete ES medium supplemented with 1.5 µg/ml of Dox, but induced in the absence of Dox. Tet-shZscan4c ES cells were cultured in the complete ES medium supplemented with 1.5 µg/ml of Dox to induce shRNA against Zscan4c. For immunofluorescense staining, ES cells were cultured on cover glass with mitomycin C-treated feeders.

2.2.. FACS {#s2b}
----------

Sorting of MC1-ZE7 ES cells was performed using a BD FACSAria II. The cells were sorted according to the fluorescent intensity of Emerald.

2.3.. RNA-seq {#s2c}
-------------

Total RNA was extracted using TRIzol solution (Roche) from FACS-sorted MC1-ZE7 cells following the manufacturer\'s instruction. The quality of total RNA was checked by Nanodrop (260/280 = 1.9--2.1, 260/230 \> 2.0) and BioAnalyzer 2100 (RIN \> 7). Five hundred nanograms of total RNA was used to make rRNA- and mtrRNA-free cDNA libraries using TruSeq Stranded Total RNA with Ribo-Zero Gold Sample Prep Kit (Illumina). The cDNA was fragmented with alkaline-denatured fragmentation with 2 min at 94°C, which produced the fragments in 130--290 bp size range. The DNA libraries were quantified by KAPA quantification kit and sequenced by HiSeq 2500.

2.4.. Antibodies {#s2d}
----------------

The following antibodies were used: mouse polyclonal anti-Zscan4 (Abnova H00201516- B01P), rabbit polyclonal anti-Zscan4,^[@DSV013C17]^ HP1α (Millipore MAB3584 for immunostaining, Millipore no. 05-689 for immunoblotting), H3K9me3 (Upstate no. 07-442), H4K20me3 (Millipore no. 07-463), H3K4me3 (Millipore no. 07-473), H3K9ac (Millipore no. 07-352), H3K14ac (Millipore no. 17-10051), H3K18ac (Epitomics no. 1766-1), H3K27ac (Active Motif no. 39-133 for immunostaining and ChIP, Abcam ab4729 for immunostaining and immunoblotting), H3K9me2 (Abcam ab1220), pan-H3 (Abcam ab1791), p300 (Millipore no. 05-257), CBP (Santa Cruz sc-583), HDAC1 (Abcam ab7028 for immunostaining, ab31263 for western blot), HDAC2 (ab7029), MTA1 (Bethyl lab. A300-911A for immunostaining, Abcam ab71153 for IP and western blot), MTA2 (Santa Cruz sc-28731), RBBP4 (Epitomics no. 2599-1), RBBP7 (Epitomics no. 3503-1), LSD1 (Abcam ab17721), BRG1 (Abcam ab4081 for immunostaining, a gift from Dr Wang for IP and western blot), KAP1 (Abcam ab22553), CREST (Antibodies Inc. no. 15-235), DIG (Roche no. 11093274910), and Flag M2 (Sigma F1804).

2.5.. Immunofluorescence staining {#s2e}
---------------------------------

Cells were fixed in 4% paraformaldehyde for 10 min at room temperature and permeabilized in 0.25% NP-40 in phosphate-buffered saline (PBS) for 10 min. The cells were blocked for 10 min in PBS, 1% bovine serum albumin, 10% fetal bovine serum, and 0.2% saponin and incubated overnight at 4°C with the primary antibodies (1 : 500) in a blocking solution. After three washes in PBS, the cells were incubated for 1 h at room temperature with Alexa dye-conjugated secondary antibodies (1 : 500; Invitrogen) in a 1/10 blocking solution. Nuclei were counterstained with DAPI (Roche) for 5 min at room temperature. Immunofluorescence was visualized by a laser scanning confocal microscope LSM 510 (Zeiss). Images were obtained using the Zeiss LSM software. The quantitative analysis of the fluorescence signals was conducted using the NIH Image program. The procedure for Immuno-DNA-FISH is included in the [Supplementary Information](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1).

2.6.. ChIP-seq {#s2f}
--------------

ChIP was performed using standard methods on FACS-sorted MC1-ZE7 cells (Em^+^/Em^−^). Sequencing analysis was performed on the Illumina Genome Analyzer II, and sequence reads were aligned to the mouse genome (mm9) using Bowtie (<http://bowtie-bio.sourceforge.net>). H3K27ac peaks were identified using HOMER (<http://biowhat.ucsd.edu/homer/chipseq/>). The details are described in the [Supplementary Information](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1).

2.7.. Genome-wide DNA methylation analysis using the HELP tagging method {#s2g}
------------------------------------------------------------------------

The extraction of genomic DNA and the HELP tagging assay was performed as previously described^[@DSV013C31]^ with several modifications (see the [Supplementary Information](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1) for details).

2.8.. Bisulfite sequencing {#s2h}
--------------------------

Genomic DNA was subjected to bisulfite conversion using an EZ DNA Methylation-Gold kit (Zymo Research). The bisulfite converted DNA was PCR amplified by EpiTaq HS polymerase (Takara) using the primer sets listed in [Supplementary Table S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1). The PCR products were subcloned into a pGEM-T Easy vector (Promega) and sequenced using a SP6 primer.

2.9.. Immunoprecipitation {#s2i}
-------------------------

Nuclear extract was prepared from Tet-Zscan4c ES cells after overexpressing Flag-tagged Zscan4 and diluted 5 times with IP buffer for immunoprecipitation. Nuclear extract and antibody were incubated at 4°C overnight and then washed 4 times with the IP buffer for 10 min at room temperature. The proteins were eluted with Laemmli\'s sample buffer for western blotting.

3.. Results {#s3}
===========

3.1.. Transcriptional bursts from specific genomic regions and constitutive heterochromatin during a Z4 event {#s3a}
-------------------------------------------------------------------------------------------------------------

To characterize the transcriptome specific to the transient Z4 event, we carried out RNA-sequencing (RNA-seq) analyses with isolated Zscan4^+^ and Zscan4^−^ cells. To separate the two kinds of cells, we FACS-sorted the MC1-ZE7 cell line,^[@DSV013C17]^ in which an Emerald fluorescence protein (Em) was controlled by the Zscan4 promoter, distinguishing strongly Em^+^ (i.e. Zscan4^+^) from Em^−^ (i.e. Zscan4^−^) cells (Fig. [1](#DSV013F1){ref-type="fig"}A and B). Over 35 million reads per sample were mapped to non-repetitive regions of the mouse genome in two biological replications, detecting 24,538 genes (RefSeq). We found that among 476 differentially expressed genes (fold change \> 2, FDR \< 0.05), nearly all (469) were more highly expressed in Zscan4^+^ cells than in Zscan4^−^ cells ([Supplementary Table S2](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). This result indicates that a specific molecular program is activated and superimposed on the regular mESC program. The findings were consistent with previous microarray analyses.^[@DSV013C18]^ For brevity, we refer to genes specifically up-regulated during Z4 event as 'Z4 event-associated genes (ZAGs).' The ZAGs included many preimplantation embryo genes such as Zscan4, Tmem92, Gm428, and Tcstv3, whose differential expression was also confirmed by quantitative PCR (Fig. [1](#DSV013F1){ref-type="fig"}C). During Z4 event, essentially all Zscan4 paralogues were abundantly transcribed from their canonical transcription start sites; six newly identified copies of Tmem92 were also abundantly transcribed ([Supplementary Fig. S1A](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)), suggesting that expression of these genes is strictly controlled even though they are only expressed for a very short time. Figure 1.Zscan4-associated heterochromatin transcription in mouse ES cells. (A) A schematic presentation for whole transcriptome analyses of ES cells in the Zscan4^+^ cells and Zscan4^−^ cells. (B) FACS sorting of ES cells into Emerald-positive cells (Em^+^, Zscan4^+^ cells) and Emerald-negative cells (Em^−^, Zscan4^−^ cells). (C) Expression levels of Zscan4-related genes (Zscan4, Tmem92, Tcstv3, Gm428) in FACS-sorted Em^+^ cells compared with Em^−^ cells. The expression levels were normalized by GAPDH. Error bars, S.D. (D) Abundance of sequence reads matched to major satellites, minor satellites, and telomeres in the Em^+^ cells relative to that in Em^−^ cells. Error bars, S.E. See also [Supplementary Fig. S1](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1). This figure is available in black and white in print and in colour at *DNA Research* online.

We also mapped the RNA-seq reads to repetitive regions of the mouse genome (Fig. [1](#DSV013F1){ref-type="fig"}A). The analysis revealed significant increases of transcripts from repetitive sequences that are usually packed in silenced chromatin (constitutive heterochromatin), including major satellites, minor satellites, and telomeres during Z4 event (Fig. [1](#DSV013F1){ref-type="fig"}D). Increases of transcription from many retrotransposons were also detected ([Supplementary Fig. S1B](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). Comparable activation of retrotransposons has already been reported in MuERV-L-marked mESCs (2C state).^[@DSV013C13]^

The burst of transcription from usually silent constitutive heterochromatin might be considered anomalous. However, the constitutive heterochromatin is highly transcribed in mouse preimplantation embryos, and the transcripts are required for proper embryonic development.^[@DSV013C32],[@DSV013C33]^ This may indicate that a burst of constitutive heterochromatin transcription during Z4 event is also a part of normal physiological processes in mESCs.

3.2.. Histone acetylation in heterochromatin increases during the Z4 event {#s3b}
--------------------------------------------------------------------------

The unusual transcriptional burst from constitutive heterochromatin during Z4 event prompted us to examine the histone modifications involved in the regulation of transcriptionally active chromatin: histone H3 lysine 4 trimethylation (H3K4me3) and histone H3 lysine 9, 14, and 27 acetylation (H3K9ac, H3K14ac, and H3K27ac). We found higher levels of these active histone modifications, especially H3K27ac, in the Zscan4^+^ cells compared with Zscan4^--^ cells (Fig. [2](#DSV013F2){ref-type="fig"}A and [Supplementary](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1) [Fig. S2A](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). This finding was further supported by the quantification of fluorescence intensity (Fig. [2](#DSV013F2){ref-type="fig"}B, *P* \< 0.001) and immunoblot analyses (Fig. [2](#DSV013F2){ref-type="fig"}C). Figure 2.Activation of heterochromatin in the Zscan4^+^ cells. (A) ES cells were co-immunostained for Zscan4 (not shown) and euchromatin markers---H3K4me3, H3K9ac, H3K14ac, and H3K27ac (green). DNA was counterstained with DAPI (red). Arrows indicate DNA-dense heterochromatin foci. Scale bars, 5 µm. (B) Fluorescence intensities of euchromatin markers in the Zscan4^+^ cells compared with those in the Zscan4^−^ cells. *n* = 15 for each group. Error bars, S.D. \**P* \< 0.01, \*\**P* \< 0.001. (C) Immunoblot analyses of Zscan4, H3K9ac, H3K14ac, H3K18ac, H3K27ac, H3K4me2, H3K4me3, H3K9me3, HP1α, and pan-H3 marker. The MC1-ZE7 cells were FACS-sorted into cells with Em^+^ (i.e. Zscan4^+^ cells) and cells with Em^−^ (i.e. Zscan4^−^ cells) and analysed by the immunoblotting. See also [Supplementary Fig. S2](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1).

As expected, we also found that specifically in the Zscan4^+^ cells, histone acetylations---particularly H3K27ac---localized not only in euchromatin but also in heterochromatin---DAPI-dense regions (Fig. [2](#DSV013F2){ref-type="fig"}A and [Supplementary Fig. S2A](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). This was further confirmed by colocalization with major satellite ([Supplementary Fig. S2B](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)) and heterochromatin-specific protein---HP1α (heterochromatin protein 1α) ([Supplementary Fig. S2C](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). The association of heterochromatin with active histone modifications is consistent with a burst of constitutive heterochromatin transcription during Z4 event.

3.3.. H3K27ac is enriched in constitutive heterochromatin and ZAGs during the Z4 event {#s3c}
--------------------------------------------------------------------------------------

Among the histone modifications we examined thus far, H3K27ac showed the greatest up-regulation and the most specific nuclear localization in a Z4 event-specific manner. Therefore, we decided to identify the genomic localization of H3K27ac by chromatin immunoprecipitation followed by DNA sequencing (ChIP-seq). To compare the genome-wide H3K27ac distributions reliably, we carried out ChIP-seq in duplicate using two independently FACS-sorted samples of Em^+^ and Em^−^ cells (Fig. [3](#DSV013F3){ref-type="fig"}A). The independently replicated ChIP-seq results showed remarkable consistency, indicating the high specificity of H3K27ac ChIP-seq signals. We first analysed sequence reads that matched to repetitive sequences. Consistent with the immunostaining analyses, the number of sequence reads matched to major satellites and telomeres was 4- and 2-fold higher in the Em^+^ cells than in the Em^−^ cells, respectively (Fig. [3](#DSV013F3){ref-type="fig"}B). Similarly, retrotransposons were more abundantly marked with H3K27ac in Em^+^ cells than in Em^−^ cells ([Supplementary Fig. S3A](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). These results further support the involvement of H3K27ac in the transcriptional burst from repetitive sequences during Z4 event. Figure 3.Correlation between histone hyperacetylations and gene expression in the Zscan4^+^ cells. (A) MC1-ZE7 cells were FACS-sorted into Em^+^ and Em^−^ cells and analysed by the ChIP-seq using an anti-H3K27ac antibody. (B) Fractions (%) of sequence reads matched to major satellites, minor satellites, and telomeres in the Em^+^ or Em^−^ cells. Error bars, S.E. (C) A scatterplot showing the comparison of H3K27ac peaks between the Em^+^ and Em^−^ cells. Red dots (1,429), named 'zH3K27ac peaks', indicate H3K27ac peaks with significantly more (\>3-fold) sequence reads in the Em^+^ cells compared with the Em^−^ cells. (D) A plot showing the correlation between the gene expression differences in Em^+^ versus Em^−^ cells (*x*-axis) and the proportion of genes with at least one zH3K27ac peak within 100 Kb from TSS, identified with a sliding window of 500 genes (*y*-axis). (E) Localizations of ZAGs (purple) and zH3K27ac peaks (blue) on mouse genomes. See also [Supplementary Fig. S3](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1).

We next analysed sequence reads matching non-repetitive sequences. H3K27ac peaks with significantly more (\>3-fold) sequence reads in the Em^+^ cells compared with that in the Em^−^ cells were identified, resulting in 1,429 peaks---tentatively named 'Z4 event-associated H3K27ac peaks (zH3K27ac peaks)' (Fig. [3](#DSV013F3){ref-type="fig"}C). The majority of these zH3K27ac peaks were located in intronic and intergenic regions ([Supplementary Fig. S3B](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)) and away from transcription start sites (TSSs) ([Supplementary Fig. S3C](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). These results are consistent with H3K27ac function as a transcriptional active mark at enhancers.^[@DSV013C34]^ Indeed, the locations of zH3K27ac peaks were positively correlated with genes whose expression was higher in Em^+^ cells than in Em^−^ cells, that is ZAGs (Fig. [3](#DSV013F3){ref-type="fig"}D and E), suggesting that the expression of ZAGs is also regulated by H3K27ac at their enhancers. Overlap between ZAGs and zH3K27ac was even more clearly observed when more stringent thresholds were used: 150 (59%) of 253 ZAGs (\>5-fold Em^+^/Em^−^ expression difference) were located within 0.5 Mb from zH3K27ac peaks (*P* = 6 × 10^−6^).

3.4.. zH3K27ac peaks are located in facultative heterochromatin, silenced in Zscan4^−^ cells, but activated during Z4 event {#s3d}
---------------------------------------------------------------------------------------------------------------------------

The analyses thus far indicated that repetitive sequences such as major satellites, telomeres, and retrotransposons, which are located in usually silenced heterochromatin, acquire H3K27ac marks and are transcribed. Are zH3K27ac peaks located in non-repetitive genomic regions also silenced and heterochromatinized in mESCs most of the time, but acquire H3K27ac marks and transcribed in a Z4 event-specific manner?

To address this question, we examined the association of zH3K27ac peaks with previously published chromatin features in mouse ES cells---essentially equivalent to Zscan4^−^ cells (Fig. [4](#DSV013F4){ref-type="fig"}A and [Supplementary Table S3, Fig. S4](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). Remarkably, zH3K27ac peaks were found to be enriched for heterochromatin features, that is high levels of DNA methylation;^[@DSV013C35]^ Lamin B1 binding;^[@DSV013C36]^ and H3K9me2 marks.^[@DSV013C37]^ These results suggest that not only the repetitive sequences such as major satellites (pericentromeres) and telomeres, but also zH3K27ac peaks such as ZAGs are enveloped in heterochromatin in the Zscan4^−^ cells. In other words, pericentromeres, telomeres, retrotransposons, and unique sets of genes such as ZAGs are usually in heterochromatin in mESCs, but are transiently activated during Z4 event. Figure 4.DNA demethylation coupled with histone hyperacetylation in heterochromatin in Zscan4^+^ cells. (A) Proportion of H3K27ac peaks with the high levels of DNA methylation (\>50% methylated CpGs per total CpGs by the bisulfite sequencing),^[@DSV013C35]^ the average log-enrichment in binding of Lamin B1,^[@DSV013C36]^ the average log-enrichment of H3K9me2, and the log-enrichment of H3K27ac, in a sliding window of 300 H3K27ac peaks, which were sorted by the difference in the H3K27ac between Em^+^ and Em^−^ cells. (B) Comparison of DNA methylation levels with the changes in H3K27ac levels between Em^+^ and Em^−^ cells. H3K27ac peaks were sorted by the decreasing log ratio of H3K27ac in the Em^+^ versus Em^−^ cells (*x*-axis), and then the proportion of peaks with DNA methylation (*y*-axis) was estimated in a sliding window of 300 peaks. (C) Representative examples of genes with H3K27 hyperacetylation (H3K27ac ChIP-seq, this study) and DNA demethylation (by the HELP assay, this study) in the Em^+^ cells compared with the Em^−^ cells. (D) Bisulfite sequencing analyses of Tmem92 and Tdpoz4 regions (blue bars in Fig. [4](#DSV013F4){ref-type="fig"}C) were performed on Em^+^ and Em^−^ cells. Open and filled circles indicate unmethylated or methylated CpG sites, respectively. The percentage of methylated CpGs per total CpGs is presented below each data set. See also [Supplementary Fig. S4](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1).

To further examine the epigenetic changes specific to the Z4 event, we carried out DNA methylation analysis by the HELP (HpaII tiny fragment Enrichment by Ligation-mediated PCR) assay on Em^+^ and Em^−^ cells. As expected, zH3K27 peaks were enriched with high levels of DNA methylation (Fig. [4](#DSV013F4){ref-type="fig"}B). However, the levels of DNA methylation in the zH3K27ac peaks were slightly reduced in Em^+^ cells compared with Em^−^ cells (Fig. [4](#DSV013F4){ref-type="fig"}B). For example, the regulatory regions of representative ZAGs such as Tmem92 and Tdpoz4 showed H3K27ac and DNA hypomethylation (Fig. [4](#DSV013F4){ref-type="fig"}C)---a finding confirmed independently by bisulfite sequencing of the regions (Fig. [4](#DSV013F4){ref-type="fig"}D). Thus, both repetitive sequences and non-repetitive ZAGs are transcriptionally silenced and heterochromatinized in Zscan4^−^ cells (usual mESCs), but become transcriptionally active, acquiring H3K27ac---active histone modifications and DNA demethylation. For brevity, we call the subset of facultative heterochromatin where zH3K27ac and ZAGs are located 'zHC'.

3.5.. Zscan4 forms complexes with chromatin remodellers during the Z4 event {#s3e}
---------------------------------------------------------------------------

To explore which chromatin remodelling factors are related to changes in heterochromatin during Z4 event, we examined protein complexes associated with Zscan4. We used an anti-Flag antibody and a previously established ES cell line (tet-Zscan4c ES cells), in which an exogenous Zscan4 fused to a Flag-tag can be induced by switching from the Dox^+^ to the Dox^−^ condition.^[@DSV013C30]^ Immunoblot analysis of proteins extracted from these cells (Dox^−^ condition, i.e. Zscan4-induced condition) and fractionated by gel filtration chromatography identified a ∼70 KD Zscan4 band, which was present from ∼150 KD to ∼2,000 KD with a major peak at ∼500 KD, suggesting that Zscan4 proteins, when expressed, can form protein complexes of various sizes ([Supplementary Fig. S5A](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)).

Next, protein mixtures from each column fraction were immunoprecipitated (IP) with anti-Flag antibody and subjected to mass spectrometry analyses. After removing common contaminants often detected by Flag-tag-based IP mass spectrometry, the number of identified peptides for each protein by mass spectrometry was tabulated for each protein fraction ([Supplementary Fig. S5B](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). The analyses revealed that Zscan4 complexes contained primarily repressing chromatin remodelling complexes (HDAC1, HDAC2, LSD1/KDM1A, NuRD, Sin3A), but also showed evidence of activating chromatin remodelling complexes (SWI/SNF). Zscan4 complexes also contained KAP1---one of the key proteins in the regulation of heterochromatin. Consistent with the mass spectrometry data, protein mixtures pulled down by Flag-IP contained Zscan4, LSD1/KDM1A, MTA1 (NuRD), BRG1 (SWI/SNF), and KAP1 (Fig. [5](#DSV013F5){ref-type="fig"}A); and protein mixtures pulled down by LSD1-IP, MTA1-IP, and BRG1-IP, respectively, all contained Zscan4, MTA1, BRG1, HDAC1, and KAP1. These results suggest that both activating and repressing chromatin remodelling complexes are associated with Zscan4 protein. Figure 5.Both activating and repressing chromatin remodelling complexes localize in heterochromatin in the Zscan4^+^ cells. (A) Immunoblot analyses of Flag-Zscan4, Lsd1/Kdm1a, Mta1, Brg1, Hdac1, and Kap1/Trim28 proteins after immunoprecipitating the nuclear extracts of tet-Zscan4 ES cells by antibodies against Flag-tag, Lsd1/Kdm1a, Mta1, and Brg1. The tet-Zscan4 ES cells were cultured in the Dox^+^ (without Zscan4 overexpression) and Dox^−^ (with Zscan4 overexpression) for 3 days. \*, possible cross-reactive polypeptides. \*\*, non-specific bands. (B) Triple immunostaining analyses of ES cells with the Zscan4 antibody (red), the CREST antibody (white, an anti-centromere protein), and various antibodies indicated (green). Blue, DAPI. Arrows indicate the clustered centromeres. Scale bars, 5 µm. See also [Supplementary Fig. S5](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1).

To further verify Zscan4-dependent colocalization of these chromatin remodelling complexes on heterochromatin, we carried out the immunostaining analyses of these proteins in mouse ES cells (Fig. [5](#DSV013F5){ref-type="fig"}B). For the activating chromatin remodelling complexes, the staining of BRG1 was similar for Zscan4^+^ and Zscan4^−^ cells, but the histone acetyltransferases (HATs), p300 and CBP, which are known to specifically mediate the acetylation of H3K27,^[@DSV013C38]^ accumulated in the heterochromatin labeled with anti-centromere antibody in a Z4 event-specific manner. For the repressing chromatin remodelling complexes, HDAC1, HDAC2, MTA1, MTA2, Rbbp4, and Rbbp7, all of which are components of the NuRD complex,^[@DSV013C39]^ were localized in the heterochromatin in a Z4 event-specific manner. The staining of LSD1 was observed in both euchromatin and heterochromatin, but was stronger in the Zscan4^+^ cells than in Zscan4^−^ cells. As a control, KAP1, heterochromatin marker, was detected in heterochromatin both in the Zscan4^+^ and Zscan4^−^ cells. Interestingly, Zscan4 staining showed its localization not only in pericentromeric heterochromatin, but also in euchromatic regions, suggesting the detection of zHC, which are located in euchromatin. Alternatively, these results may indicate that Zscan4 functions not only in heterochromatin, but also in euchromatin. Overall, the heterochromatin is associated with both activating and repressing chromatin remodelling complexes during Z4 event (though a single site probably moves through a cycle of derepression and rerepression; see below).

3.6.. Pericentromeric heterochromatin clusters around nucleolus during Z4 event {#s3f}
-------------------------------------------------------------------------------

The results thus far indicate that heterochromatin is transiently in an activated conformation in a Z4 event-specific manner. We suspected that Z4 event-specific activation of heterochromatin has some unique features. A hint came from the immunohistochemical analysis of histone modifications during Z4 event (Fig. [2](#DSV013F2){ref-type="fig"}A). We noticed the clustering of heterochromatin in a Z4 event-specific manner and further investigated the distribution of heterochromatin in nuclei by costaining for Zscan4 and HP1α. In the great majority (∼95%) of ESCs, which were Zscan4^−^, heterochromatin recognized by HP1α appeared as discrete multiple foci scattered in the nucleoplasm and overlapping regions of high DNA density detected by DAPI (Fig. [6](#DSV013F6){ref-type="fig"}A and [Supplementary Fig. S6A](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). This pattern of heterochromatin localization is commonly observed in mESCs and other cell types.^[@DSV013C40]^ In contrast, during Z4 event the heterochromatin appeared in larger and fewer clusters that also overlapped with the regions of high DNA density, mostly perinucleolar (Fig. [6](#DSV013F6){ref-type="fig"}A and [Supplementary Fig. S6A](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). These observations were confirmed by quantitative morphometric analyses of a large number of cells: heterochromatin foci in Zscan4^+^ cells were significantly larger (Fig. [6](#DSV013F6){ref-type="fig"}B, *P* \< 0.001) and fewer (Fig. [6](#DSV013F6){ref-type="fig"}C, *P* \< 0.001) compared with those in Zscan4^−^ cells. The clustering and relocalization of heterochromatin during Z4 event were also confirmed by immunostaining for H3K9me3 and H4K20me3---histone modifications associated with heterochromatin ([Supplementary Fig. S6B and C](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). Figure 6.Heterochromatin clustering in the Zscan4^+^ cells. (A) Co-immunostaining of ES cells with an HP1α antibody (green) and a Zscan4 antibody (not shown). Red, DAPI. Scale bars, 5 µm. More examples are shown in [Supplementary Fig. S2A](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1). (B) Size distribution of nuclear foci stained with an HP1α antibody in the Zscan4^+^ cells (red bars) and in the Zscan4^−^ cells (blue bars). Average areas of each focus was 3.6 and 1.5 µm^2^ in the Zscan4^+^ cells and in the Zscan4^−^ cells, respectively. *n* = 40. (C) Number distribution of nuclear foci stained with an HP1α antibody in the Zscan4^+^ cells (red bars) and in the Zscan4^−^ cells (blue bars). Average numbers of foci in each nucleus were 2.4 and 4.7 in the Zscan4^+^ cells and in the Zscan4^−^ cells, respectively. *n* = 60. See also [Supplementary Fig. S6](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1).

Heterochromatin foci are known to be composed of pericentromeric regions that contain major satellite DNA repeats.^[@DSV013C41]^ Indeed, DNA fluorescent *in situ* hybridization analyses using probes specific to major satellites and telomeres showed clustering of major satellite repeats specifically during Z4 event ([Supplementary Fig. S6D](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). In contrast, clustering of telomeres was not seen ([Supplementary Fig. S6D](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)).

As far as we know, this is the first report for heterochromatin clustering into a large cluster. Taken together, these results indicate that the unusual clustering of pericentromeric heterochromatin occurs transiently as a unique feature of Z4 event.

3.7.. Zscan4 plays active roles in the epigenetic modifications of heterochromatin during Z4 event {#s3g}
--------------------------------------------------------------------------------------------------

All the dynamic changes in heterochromatin described thus far occurred specifically in Zscan4^+^ cells, that is a small fraction (1--5%) of ESCs in culture. Previously we have shown that Zscan4 is a causative gene for biological events occurring specifically during Z4 event (see Discussion). Therefore, we expected that Zscan4 causes rapid derepression and rerepression of heterochromatin in a Z4 event-specific manner. To test this notion, we examined heterochromatin dynamics in both loss-of-function and gain-of-function studies of Zscan4.

For the loss-of-function assays, we generated a mESC line carrying a Dox-inducible shRNA (short hairpin RNA) directed against Zscan4. We confirmed that Dox-induced shRNA expression for 8 days decreased the fraction of Zscan4^+^ mESCs (Fig. [7](#DSV013F7){ref-type="fig"}A). In these Zscan4 knockdown cell colonies, the number of cells displaying H3K27 acetylation in heterochromatin was significantly reduced (Fig. [7](#DSV013F7){ref-type="fig"}B). Furthermore, the expression of major satellites was decreased by ∼50% in Zscan4 knockdown cells ([Supplementary Fig. S7A](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1), *P* \< 0.01). Figure 7.Active roles of Zscan4 in the heterochromatin regulation revealed by Zscan4 knockdown and Zscan4 overexpression experiments. (A, B) Inducible knockdown of Zscan4 expression (Zscan4 KD). (A) Left panel: Immunostaining analyses of the ES cells expressing a Dox-inducible shRNA against Zscan4, cultured for 8 days in the absence (−Dox) or the presence of 2 µg/ml Dox (+Dox), with the antibody against Zscan4 (red). DNA is counterstained with DAPI (red). Right panel: The percentage of cells stained with a Zscan4 antibody was significantly reduced by the Dox treatment (\**P* \< 0.01, *t*-test). Error bars indicate S.D. (B) The percentage of the cells with H3K27 acetylation in heterochromatin was significantly reduced by the Dox treatment (\**P* \< 0.01, *t*-test). Error bars indicate S.D. (C, D) Inducible overexpression of Zscan4 using tet-Zscan4 cells (Zscan4 OE). (C) Western blots using an anti-Flag antibody, anti-Zscan4 antibody, and anti-histone H3 antibody (loading control). (D) Left panel: The percentage of Zscan4^+^ cells in the Dox^+^ and Dox^−^ conditions. \**P* \< 0.01 versus +Dox, *t*-test. Right panel: Immunostaining of tet-Zscan4 ES cells with an anti-Zscan4, anti-CREST, and anti-H3K27ac. The nuclei of the Zscan4^+^ cells showed the hyperacetylation of H3K27 in clustered centromeric regions (arrows). (E) A schematic summary of heterochromatin dynamics during Z4 event. Tel., telomeres, Pericent., pericentromeres, Retro., retrotransposons, ZAGs, Z4 event-associated genes. See also [Supplementary Fig. S7](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1).

For the gain-of-function assays, we examined whether ectopic overexpression of Zscan4 can induce these epigenetic changes in mESCs, using the tet-Zscan4 ES cell line.^[@DSV013C30]^ As expected, the overexpression of Zscan4, which was confirmed by the western blot (Fig. [7](#DSV013F7){ref-type="fig"}C), increased the number of cells stained with Zscan4 antibodies (Fig. [7](#DSV013F7){ref-type="fig"}D). Zscan4^+^ cells were also strongly stained with the H3K27ac in the heterochromatin (Fig. [7](#DSV013F7){ref-type="fig"}D) and the H3K9ac ([Supplementary Fig. S7B](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). Furthermore, ChIP-qPCR analyses showed that the overexpression of Zscan4 up-regulated H3K27ac on Tmem92, Tdpoz3/4, Zscan4c/d regions ([Supplementary Fig. S7C](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1), *P* \< 0.05). Next, we carried out MeDIP-seq (methylated DNA immunoprecipitation followed by sequencing) analyses and found that the overexpression of Zscan4 induced the demethylation of DNAs in telomeric and major satellite regions---and to some extent in minor satellite regions ([Supplementary Fig. S7D](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)). Subsequent analyses of non-repeated genome regions revealed that the overexpression of Zscan4 also induced the demethylation of DNAs in the zH3K27ac peaks ([Supplementary Fig. S7E](http://dnaresearch.oxfordjournals.org/lookup/suppl/doi:10.1093/dnares/dsv013/-/DC1)).

4.. Discussion {#s4}
==============

The Z4 event---a short burst of Zscan4 transcription---occurs very infrequently in usual mESC culture conditions, so that only 1--5% of mESCs are undergoing Z4 event at a given time.^[@DSV013C16]--[@DSV013C18]^ However, essentially all mESCs undergo Z4 event at least once within nine passages.^[@DSV013C17]^ In this paper, we have carried out detailed molecular analyses of the Z4 event, finding that it coincides with rapid and unusual molecular changes in chromatin, particularly in heterochromatin (Fig. [7](#DSV013F7){ref-type="fig"}E).

4.1.. Heterochromatin regulation and dynamics during Z4 event {#s4a}
-------------------------------------------------------------

Constitutive heterochromatin is usually considered silenced for transcription. However, as summarized in Fig. [7](#DSV013F7){ref-type="fig"}E, during the Z4 event, constitutive heterochromatin shows a burst of transcription. Generally, gene activation is accompanied by 'open' chromatin with enrichment of active marks and loss of repressive marks on their regulatory regions.^[@DSV013C42]^ In fact, we saw increased levels of activating histone marks, H3K27ac, reduced levels of DNA methylation, along with clustering around nucleoli (Fig. [7](#DSV013F7){ref-type="fig"}E). At the same time, repressive marks, H3K9me2, and DNA methylation were still abundant in the acetylated active heterochromatin. These results suggest that the transcriptional burst is induced from 'open' heterochromatin, but the heterochromatin immediately returns to its silent conformation.

In addition to the constitutive heterochromatin, we also observed 'zHC' that comprise a few hundred 'ZAGs', including Zscan4, which show a burst of transcription during Z4 event. Although zHC is not located in the constitutive heterochromatin region and forms scattered clusters throughout the genome (Fig. [3](#DSV013F3){ref-type="fig"}E), we show that in regular mESCs zHC is transcriptionally silenced and shares features of heterochromatin such as high levels of DNA methylation and the lack of activating histone marks. However, as summarized in Fig. [7](#DSV013F7){ref-type="fig"}E, during the Z4 event, zHC also shows a burst of transcription, with increased levels of activating histone marks, H3K27ac, and reduced levels of DNA methylation (Fig. [7](#DSV013F7){ref-type="fig"}E). Because H3K27ac marks distal enhancers associated with active genes^[@DSV013C34]^ and is important for recruiting Pol II to regulatory regions to initiate transcription,^[@DSV013C38]^ it is likely that the burst of transcription of ZAGs from the zHC is controlled by H3K27ac.

The rapid and profound changes in heterochromatin during Z4 event are rather unusual, even considering the already unusual chromatin features of regular mESCs,^[@DSV013C43]^ such as a bivalent structure,^[@DSV013C44],[@DSV013C45]^ dynamic plasticity,^[@DSV013C46]^ and non-CpG methylation.^[@DSV013C47]^ These chromatin changes specific to Z4 event suggest that mESCs undergo rapid derepression followed by the immediate rerepression of both constitutive heterochromatin and zHC during the Z4 event (Fig. [7](#DSV013F7){ref-type="fig"}E). This notion is further supported by our finding that both activating chromatin remodelling complexes (HATs, SWI/SNF) and repressing chromatin remodelling complexes (HDAC1, HDAC2, LSD1/KDM1A, NuRD) gather on heterochromatin during Z4 event. Simultaneous modifications of both constitutive heterochromatin and zHC are also intriguing, as it has been shown that different enzymes are involved in the histone methylation of constitutive heterochromatin and facultative heterochromatin (including zHC): Suv39h1/h2 for constitutive heterochromatin and G9a for facultative heterochromatin.^[@DSV013C48]^ It remains to be clarified whether these enzymes are involved in Z4 events.

4.2.. Biological significance of Z4 event {#s4b}
-----------------------------------------

It has been shown that Z4 event is required for the maintenance of telomere length and genome stability.^[@DSV013C17]^ Also, increasing the frequency of Z4 event by the forced expression of Zscan4 in mESCs can improve their quality (i.e. the extent of chimerism when injected into blastocysts).^[@DSV013C18]^ Our finding that Z4 event is accompanied by the activation of both constitutive heterochromatin and zHC was therefore not anticipated, because it is generally thought that the relaxation of heterochromatin leads to genome instability and deterioration of cells.^[@DSV013C49]--[@DSV013C51]^ For example, the transcription of retrotransposons, which are usually repressed, is known to produce insertional mutations and genome instability.^[@DSV013C52]^ Why then would mESCs undergo Z4 event? One speculative possibility is that going through a usually forbidden transition to heterochromatin activation permits the repair of DNA damage in the heterochromatin. It is known that when DNA in tightly packed heterochromatin is damaged, the heterochromatin must be opened so that the DNA repair machinery can access the DNA.^[@DSV013C53]^ The otherwise harmful effects of transcriptional burst from heterochromatin could be countered by blocking the translation of the RNAs: we have shown previously that Z4 event is accompanied by the block of global protein synthesis through the activation of two-cell-specific Eif1a-like genes.^[@DSV013C19]^

Dynamic changes of heterochromatin during Z4 event are also consistent with the significant biological 'corrections' such as the extension of telomeres^[@DSV013C17]^ and the alleviation of karyotype abnormality.^[@DSV013C18]^ For example, transcription of telomeres is known to be positively correlated with telomere length.^[@DSV013C22],[@DSV013C54]^ Also, activation and clustering of pericentromeric heterochromatin would be consistent with involvement of the Z4 event in chromosome segregation, because this is indeed the chromosome region where the assembly of kinetochore and other transactions critical for chromosome segregation occur.^[@DSV013C55]^

Of course, the unusual properties of Z4 event must have a function apart from the maintenance of artificially produced mESCs. The Z4 event can be considered a normal part of mammalian development and tissue homeostasis. For example, the burst of Zscan4 expression can be observed in late two-cell embryos during mouse preimplantation development;^[@DSV013C16]^ in four to eight cell embryos during human preimplantation development;^[@DSV013C56]^ and in rare adult cells that most likely include tissue stem cells.^[@DSV013C57]^ The burst of Zscan4 is required for preimplantation embryo development, as its knockdown causes developmental defects.^[@DSV013C16]^ In the mouse preimplantation embryos, Z4 event seems to occur during the late two-cell embryo---a stage when genomes derived from sperm and oocyte initiate massive transcription.^[@DSV013C58]^ During that short period, major satellites and retrotransposons located in constitutive heterochromatin,^[@DSV013C32],[@DSV013C33]^ and many ZAGs located in zHC^[@DSV013C13],[@DSV013C18]^ also show a burst of transcription. Clustering of pericentromeric heterochromatin has also been observed in two-cell embryos, although they appear to surround nucleoli more uniformly.^[@DSV013C59],[@DSV013C60]^

4.3.. Z4 event versus 2C state {#s4c}
------------------------------

Recent studies have revealed that in standard culture conditions mESCs fluctuate among distinct transient states, resulting in their heterogenous mixture.^[@DSV013C10],[@DSV013C11]^ However, these states do not seem to be intrinsically transient, because mESCs can be maintained stably in a specific state depending on the culture condition, for example in a naive pluripotent state or a primed pluripotent state.^[@DSV013C7]--[@DSV013C9]^ Considering its short duration and its role in genome stability, we call a short burst of Zscan4 transcription 'Zscan4 event' or 'Z4 event' in this paper, so that it can be operationally distinguished from various pluripotency states. The need for such distinction seems to be further supported by the data presented in this manuscript. However, our view seems to contradict with the recent view expressed by some other authors who inferred that Zscan4^+^ cells, in which two-cell-specific Zscan4 is expressed, are essentially the same as cells in the 2C state.^[@DSV013C13],[@DSV013C61],[@DSV013C62]^ The 'two-cell (2C) state' is one of the transient mESC states identified recently as a totipotent state using the expression of a MuERV-L retrotransposon as a marker.^[@DSV013C13]^ However, there are some differences between them. For example, unlike mESCs in the totipotent 2C state,^[@DSV013C13]^ mESCs undergoing a Z4 event (i.e. Zscan4^+^ mESCs) contribute inefficiently to chimeric mice when injected into blastocysts and thus seem to temporarily lack pluripotency.^[@DSV013C18]^

4.4.. Molecular functions of Zscan4 {#s4d}
-----------------------------------

Previously we have shown that the ectopic expression of Zscan4 *per se* can trigger biological events that occur specifically during Z4 events in mESCs. For example, the length of telomeres can be extended within a few days after ectopic expression of Zscan4,^[@DSV013C17]^ and the efficiency of contribution to chimeric mice can be dramatically improved by the forced expression of Zscan4.^[@DSV013C18]^ We have also shown that the forced expression of Zscan4 induces the expression of Tmem92, Tcstv1, Tcstv3, and other ZAGs.^[@DSV013C18]^ However, it has not been clear how Zscan4 functions and is molecularly involved in these biological events.

Here we have shown that at least some of the heterochromatin changes associated with Z4 events can be triggered by ectopic expression of Zscan4. It is interesting to note that telomeric heterochromatin shows an increase of transcription and H3K27ac as well as a decrease of DNA methylation during a Z4 event. Because it is known that such epigenetic changes of telomeric heterochromatin cause the extension of telomeres by recombination,^[@DSV013C22],[@DSV013C54]^ these data suggest the molecular mechanism for rapid extension of telomeres by the forced expression of Zscan4.^[@DSV013C17]^

With the identification of Zscan4-associated protein complexes by Immunoprecipitation--Mass spectrometry analyses, we have revealed that Zscan4 forms complexes with many distinct proteins, including both activating and repressing chromatin remodellers. The association of Trim28 (Kap1) also indicates the localization of at least some of the Zscan4 protein complexes on heterochromatin. The notion that Zscan4 functions through specific protein--protein interaction is consistent with the known molecular function of the SCAN domain as a mediator of protein--protein interaction.^[@DSV013C63]^

4.5.. Conclusion {#s4e}
----------------

Here we have shown that mESCs undergo dramatic epigenetic changes to regulate transient activation and repression of specific heterochromatin regions, a process that is likely an intrinsic part of a special mechanism for the maintenance of genome stability. In contrast to *S. Pombe* where constitutive heterochromatin is transcribed in S phase of every cell cycle,^[@DSV013C25]^ Z4 events occur infrequently in mESCs cultured in the standard condition. Thus, the Z4 event can be seen as a non-periodic checkpoint, a 'reset' mechanism that promotes proper chromosome dynamics in stem cells.
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